We aimed to investigate the association between birth parameters with blood pressure (BP) among preschool-and school-aged children. Two separate childhood datasets were used: (1) 1295 children aged 3-6 years were examined during 2007-2009; and (2) 1741 and 2353 children aged 6 and 12 years, respectively, were examined during [2004][2005][2006]. Birth parameter data were obtained from parental records. BP was measured using standard protocols. Among 6-year-old children, each 1 kg decrease in birth weight was associated with a 1.33-and 1.20-mm Hg higher systolic and diastolic BP, respectively, after multivariable adjustment. In 6-yearold children, a decrease of 1 week in gestational age was independently associated with a 0.33-and 0.37-mm Hg higher systolic and diastolic BP, respectively. Six-year-old children in the low birth weight category (p2499 g) versus those in the normal/high birth weight category (X2500 g) had significantly higher systolic BP (Po0.0001). Girls in the low birth weight category versus those in the normal/high weight category had higher systolic BP (P ¼ 0.02). Significant associations were not observed among preschoolaged children and preadolescents. Birth weight and gestational age were strongly associated with BP among 6-year-old children, particularly girls, but not among preschoolers or preadolescents.
INTRODUCTION
Low birth weight has been linked to elevated blood pressure (BP) in later life. 1 According to the fetal origin hypothesis, birth weight is a marker for the quality of the intrauterine environment that is responsible for programming BP and other cardiovascular risk factors. [1] [2] [3] In addition to low birth weight, several other patterns of poor in utero growth, including head circumference, birth length, placental:birth weight ratio and prematurity, have been linked to elevated BP in later life. 2 A systematic review by Huxley et al. 4 showed that an inverse relationship between birth weight and BP is present in many populations of diverse ages and countries. In contrast, the US Collaborative Perinatal Project, which followed 29 973 children over 7 years, showed that birth weight and BP in later life were positively associated. 5 Hindmarsh et al. 6 more recently assessed the relationship between birth weight with systolic and diastolic BP in 590 children aged 3 years, and showed that postnatal growth to 6 months of age was more predictive than birth weight of systolic BP. Further, both cross-sectional and longitudinal studies have demonstrated that the relationship between birth weight and BP is amplified with increasing age. 2, 7 For measurements other than birth weight the most consistent finding has been the inverse association between head circumference and BP. 4 The body of evidence from epidemiological studies on the relationship between birth size and BP in later life appears to be controversial, most probably because of the rarity of detailed birth measurements, potential random error effects and inappropriate adjustment for confounding factors. 2, 8, 9 Further, a better understanding of the causal pathway between fetal growth restriction and hypertension could help to develop childhood interventions to counter the cardiovascular disease epidemic in adults. 9 Hence, for these reasons, we used two separate, large cross-sectional datasets to explore relationships between birth parameters (birth weight and length, head circumference and gestational age), with both systolic and diastolic BP in preschool-(3-6-year-old) and school-aged children (6-12-year-old).
MATERIALS AND METHODS

Study population
The Sydney Paediatric Eye Disease Study (SPEDS) was conducted during 2007-2009 and recruited children between the ages 6 and 72 months (n ¼ 3333) via door-to-door census in four randomly selected postcodes in metropolitan Sydney, Australia. A total of 2461 children were examined (73.8% response rate). There were no other specific inclusion and exclusion criteria for this study. The data included in this report focus on 1295 children aged 3-6 years who were examined. Written informed consent was obtained from parents, and all examination protocols were approved by the University of Sydney Human Research Ethics committee and adhered to tenets of Declaration of Helsinki.
The Sydney Childhood Eye Study (SCES) is a population-based survey of eye conditions in school children living within the Sydney Metropolitan Area, Australia. It was approved by the Human Research Ethics Committee, University of Sydney, the Department of Education and Training, and Catholic Education Office, New South Wales, Australia. 10 We obtained informed written consent from at least one parent of each child, as well as verbal assent from every child before examinations. Study methods have been previously described for year 1 students from a stratified random cluster sample of 34 primary schools across Sydney (mean age 6.7 years). 10 Similar methods were used for a large cohort of older children, including use of the same instruments. Briefly, all year 7 students (mean age 12.7 1 years) in a stratified random cluster sample of 21 
Assessment of covariates
In SPEDS, two questionnaires (113 item and 63 item) were completed by the parents of the children in the study (largely by the mother). In SCES, parents were asked to complete a comprehensive 193-item questionnaire. Questions from both SPEDS and SCES covered socio-demographic information including ethnicity, country of birth, education, occupation and parental age was included. The parents of all Australian children are provided with a health record booklet at birth ('Blue book') in which health professionals accurately record birth variables, specifically birth weight, birth length, head circumference, gestational age and mode of delivery. We asked parents to extract this information from their child's health record booklet, as reported elsewhere. [10] [11] [12] The distribution of birth weight in the present sample agrees well with published Australian figures for this cohort. 13 Height was measured with children standing, without shoes. Weight in kg was measured using a standard portable weighing machine calibrated before and during the study. Body mass index (BMI) was calculated as weight divided by the height squared (kg m À 2 ).
BP measurements
In both SPEDS and SCES, after 5-min resting, systolic and diastolic BP and heart rate were measured with an IntellisenseTM OMRON digital automatic BP monitor (model HEM-907; OMRON Health care, Port Melbourne, VIC, Australia) in a seated position. An average of two readings in SPEDS and three readings in SCES was used for data analysis. We used a cuff appropriate to the size of the child's upper right arm and followed general recommendations on selecting cuff size to ensure that the bladder length was B80% and width was X40% of the arm circumference, and covered the upper arm but did not obscure the antecubital fossa. 14,15 BP and anthropometric parameters were measured on school premises for the SCES and at the site of a study clinic for the SPEDS.
Statistical analyses
Statistical analyses were performed using SAS (SAS v8.2, SAS Institute, Carry, NC, USA). Regression models were used to examine possible linear relationships between birth parameters and BP levels. Multivariable modeling was conducted with BP as the outcome, and birth weight and length, head circumference and gestational age as the independent variable in linear models adjusted first for age and sex (Model 1), and then further adjusted for ethnicity, parental education, BMI (Model 2) and in Model 3 further adjustment for birth weight or gestational was made as appropriate. Significance was taken as Po0.05.
RESULTS
We analyzed preschool-aged children (3-6 year-old) from SPEDS and school-aged children (6-and 12-year-old) from SCES separately. Table 1 shows the characteristics of the preschooland school-aged children included in the current study. Systolic and diastolic BP showed a significant increase with age. Birth weight was not significantly different between the age groups; however, measures of head circumference, birth length and gestational age differed significantly between the three age groups ( Table 1) .
Analyses of preschool-aged children from SPEDS Of the 1295 children aged 3-6 years who were examined in SPEDS, 1060 (88.3%) had complete birth parameter and BP data, and hence, were included for regression analyses. Linear relationships were not observed between any of the birth parameters and BP in children aged 3-4 or 5-6 years ( Table 2) . Of the 1060 preschool-aged children in the study, around 468 and 487 did not have birth weight or gestational age data, and hence, could not be included for analyses presented in Table 4 . Significant associations were not observed between birth weight category and gestational age with BP in preschool-aged children.
Analyses of school-aged children from SCES Of the 1741 6-year-old and 2353 12-year-old children examined, 1549 (89.0%) and 2078 (88.3%) had complete birth parameter and BP data, respectively, and were included for regression analyses (Table 3) . Among 6-year-old children, each 1-kg decrease in birth Table 1 . Study characteristics of the preschool-aged (3-6 years) and school-aged (6 and 12 years) children Mother and/or father did not attain any qualifications past high school.
Birth size and blood pressure in young children B Gopinath et al weight was associated with an average 1.33 and 1.20 mm Hg increase in systolic and diastolic BP, respectively. Also in 6-year-old children, each 1-week decrease in gestational age was associated with a 0.33-and 0.37-mm Hg increase in increase in systolic and diastolic BP, respectively. Significant associations were not observed among 12-year-old children (Table 3) . Six-year-old children in the low birth weight category versus those in the normal/high birth weight category had significantly higher mean systolic (Po0.0001) and diastolic BP levels (P ¼ 0.01, Table 4 ). Additionally, 6-year-olds who were born preterm versus full-term had significantly higher systolic BP, P ¼ 0.03. Significant associations were not observed between birth length and head circumference (assessed as quartiles) with BP in either preschoolor school-aged children (data not shown).
We observed a non-significant interaction between birth weight and sex on both systolic and diastolic BP, P interaction ¼ 0.27 and P interaction ¼ 0.99. However, given that reports from other groups have demonstrated a sex difference, [16] [17] [18] we decided to stratify the analyses by sex. Each 1-kg decrease in birth weight was associated with a 1.57-(P ¼ 0.02) and 1.44-mm Hg (P ¼ 0.04) increase in systolic and diastolic BP among 6-year-old girls, respectively (Table 5) . Additionally, per week decrease in gestational age was also significantly associated with systolic (P ¼ 0.04) and diastolic BP (P ¼ 0.02). Significant associations were not observed among boys in either age group or girls aged 3-6 years or 12-year-old (data not shown).
DISCUSSION
We show that the relationship between birth weight and gestational age with BP is more marked during middle childhood than during the first 5 years of life and in preadolescence. Six-year-old who were preterm or low birth weight neonates were more likely to have higher systolic BP. These associations were more marked in girls than boys. We could not demonstrate an association between birth length and head circumference, with BP at either during the earlier or later stages of childhood. These data, however, provide further evidence to support the hypothesis that fetal growth restriction predisposes children to have higher BP levels.
The significant inverse association between birth weight and BP among 6-year-old children adds to the growing body of evidence from other population-based studies of children during midchildhood that birth weight is the most important measure of neonate size related to BP. 4, 5, 16 Huxley et al. 4 in their systematic review stated that the inverse relationship between head circumference and BP is the most consistent finding, apart from that with birth weight. We and others, 19 however, were not able to confirm such an association between head circumference and BP in our childhood sample.
The association between birth weight and gestational age with systolic and diastolic BP was significant in 6-year-old girls but absent in boys. This is in line with previously published findings. [16] [17] [18] For example, Whincup et al. 16 showed that the association between birth weight and BP was evident only in girls aged 5-7 and 9-11 years. There is no evidence that body build is the cause of this association in girls as BMI was adjusted in the multivariate analyses. Alternatively, greater physical maturity of girls than boys at this age 16 could be a potential reason for the underlying difference.
The observed relationship between birth weight and gestational age with later BP is most likely the consequence of in utero programming. 18 Decreased arterial distensibility, caused by disrupted elastin deposition in the great vessels, is one of the potential pathways for fetal growth restriction to 'program' BP in postnatal life. 9, 20 Genetic factors may influence intrauterine growth and hence, could also mediate the relationship between fetal growth and BP in children. 4, 21 Third, changes to the small vessel structure and function could underlie the relationship between birth indices and elevated BP during childhood. We previously showed in 6-and 12-year-old children that each 1-kg decrease in birth weight was associated with a significant narrowing of retinal arteriolar caliber. 22, 23 These findings suggest that microvascular arteriolar structure, which is considered a major determinant of peripheral vascular resistance, 24, 25 may be programmed early in life and could thereby influence the risk of adult hypertension and cardiovascular disease. 22 The lack of association between birth parameters and BP during early childhood (preschool age) and preadolescence could be due to either introduction of error in ascertaining in utero growth by proxy measures such as birth weight or to the etiology of the causal pathway itself. This could explain the lack of association found between birth parameters and BP measures among these age groups. In relation to the former, using birth weight as a proxy measure for fetal growth has some noteworthy limitations. For instance, it does not allow for variability in the genetic potential for growth and does not recognize that infants in the appropriate or even large for gestational age groups can also suffer poor intrauterine perfusion or under-nutrition and may be growth restricted in utero. 9 Hence, recently, other markers of fetal growth Includes preschool-aged children who had BP data as well as information on one or more of the birth parameters (that is, birth weight, birth length, head circumference and gestational age).
Birth size and blood pressure in young children B Gopinath et al such as head-to-chest circumference ratio have been suggested to have better predictive value of disease in later life. 9 Unfortunately, we do not have such data collected in our study and, thus, cannot confirm this hypothesis. Alternatively, we only obtained an average of two BP measures from each subject in SPEDS compared with an average of three BP measures in SCES; this and other subtle methodological differences could have attenuated any possible associations among 5-6-year-old children from SPEDS, which were otherwise observed in the 6-year-old children from SCES. Birth size and blood pressure in young children B Gopinath et al
The observed non-significant association among preschoolaged children could also be due to the increase in standard deviation of BP that occurs with age, 2,16 although, we did adjust for age in our analyses. Further, in 12-year-old children, the lack of association between birth weight and BP could be due to the perturbed tracking of BP during the early adolescent growth phase. Previous studies have shown that during puberty the inverse relationship between birth weight and BP is smaller but is restored to previous levels after puberty. 4, 26 Given that our sample of 12-year-old children could be at varying stages of puberty (although we do not have accurate data to confirm this), it could possibly explain the non-significant association between birth weight and BP in this age group.
Strengths of this study include its random cluster sample of a large number of representative preschool-and school-aged children, satisfactory response rate, documented data on birth parameters and the use of standardized BP measurement protocols. Moreover, these young, healthy children are largely free of known systemic cardiovascular diseases, and thus, these findings are not likely to be subject to confounding effects. A limitation of this study is its cross-sectional design, which does not permit causal inference from the observed associations. Longitudinal follow-up of the SCES and other childhood cohorts are necessary to both confirm and provide additional insights into the clinical significance of our observations. Finally, our findings need to be interpreted with caution given that SPEDS and SCES have differences in methodology, for instance, an average of two BP readings were obtained in SPEDS, whereas three readings were obtained in SCES. These subtle differences could underlie why some associations were observed in school children but not among preschool-aged children.
Our findings have potential public health implications, particularly as BP tends to track throughout the life course, 27 hence, a small increase in systolic and diastolic BP at age 6 could be possibly amplified in adulthood. Moreover, a small increase in mean BP over the entire population could lead to a substantial number of persons being affected by cardiovascular disease. 9 Therefore, our findings suggest that anthropometric measurements taken as early as in the delivery room could help determine the risk of developing hypertension later in life and result in the formation of potential preventive strategies. 9 In summary, birth weight and gestational age were found to be significantly associated with BP at the age of 6 years, but not during either the preschool or preadolescence periods of childhood. We observed a more marked association between birth weight and gestational age with BP in girls than in boys. A follow-up of our cohort will help clarify the temporal association between indicators of fetal growth and risk of elevated BP in later life.
What is known about this topic
Low birth weight has been linked to elevated blood pressure (BP) in later life. Previous studies have shown that the relationship between birth weight and BP is amplified with increasing age. For measurements other than birth weight, the most consistent finding has been the inverse association between head circumference and BP
What this study adds
The relationship between birth weight and gestational age with BP is more marked during middle childhood, rather than in early childhood and preadolescence. A sex-specific difference in associations between birth weight and gestational age with BP was observed among 6-year-old children. These observed associations were independent of the influences from body mass index, ethnicity and parental education.
